Abstract-The ability to control the relative complex permeability µ * r of composites made of fine aluminum particles dispersed in polystyrene resin was investigated for the purpose of designing electromagnetic wave absorbers with good absorption properties at frequencies above 1 GHz. The volume mixture ratio V and particle size of aluminum were varied and the frequency dependences of µ * r , the relative complex permittivity ε * r , and the return loss were measured. Theoretical values of µ * r for the composites were also calculated using Maxwell's equations. The measured value of µ r , the real part of µ * r , was found to decrease with increasing frequency in the low frequency range. However, at high frequencies, µ r was almost independent of frequency and decreased proportionately with V. In addition, the measured value of µ r was found to be proportional to V and inversely proportional to the aluminum particle size. These results showed good agreement with the calculated values of µ r and µ r . An electromagnetic wave absorber with a flexible design was proposed based on the ability to control µ r and µ r independently by adjusting V and the aluminum particle size.
INTRODUCTION
Electromagnetic waves with frequencies higher than 1 GHz are being increasingly used for telecommunication devices such as wireless local area network (LAN), and the frequencies used by these devices is expected shift to values above 10 GHz in the future. For this reason, attempts have been made to develop an electromagnetic wave absorber suitable for these frequency bands [1] . To design such an absorber, control of the frequency dependence of the relative complex permeability µ * r and the relative complex permittivity ε * r is important because the absorption of electromagnetic waves is determined by these parameters. In particular, µ r , the real part of µ * r , must be less than unity to satisfy the non-reflective condition at frequencies above 10 GHz. The design of such an absorber using metamaterials, in which µ * r and ε * r can be artificially controlled, has also been reported [2, 3] . Moreover, materials used for absorbers should be low-cost and abundant in order to avoid the depletion of global resources. Composites made from aluminum and polystyrene resin satisfy both of these requirements. The mass density of aluminum and polystyrene is small and they are low-cost materials. Moreover, when an electromagnetic wave of high frequency enters an aluminum particle, an eddy current flows on the particle surface and a reverse magnetic moment is generated. Thus, µ r becomes less than unity, and the non-reflective condition is satisfied in the high frequency range. Consequently, the energy of the electromagnetic wave is converted into thermal energy by the eddy current [4] .
In this study, the frequency dependences of µ * r , ε * r and the absorption characteristics of composite electromagnetic wave absorbers made from fine aluminum particles dispersed in polystyrene resin were investigated in the frequency range from 1 MHz to 40 GHz. In addition, µ r and µ r , the real and imaginary components of µ * r , were theoretically calculated and were compared with the measured values in order to control these parameters artificially. In the calculations, the eddy currents which flow inside the aluminum particles, were calculated using Maxwell's equations and used to determine µ r and µ r .
EXPERIMENTS
Commercially available aluminum particles, with average diameters of approximately 8 to 50 µm, were used in this study. Chips of polystyrene resin were dissolved in acetone and the particles were mixed in until they were uniformly dispersed within the resin. Aluminum particle volume ratios of 16.4, 33.8 and 50 vol% were used for each particle size. The mixture was then heated to melt the polystyrene resin and was hot-pressed at a pressure of 5 MPa to form a pellet. This was allowed to cool naturally to room temperature and was processed into a toroidal-core shape (outer diameter of approximately 7 mm, inner diameter of approximately 3 mm) for use in a 7 mm coaxial line in the frequency range 1 MHz to 12.4 GHz, or into a rectangular shape (P-band: 12.4-18 GHz, 15.80 mm × 7.90 mm, K-band: 18-26.5 GHz, 10.67 mm × 4.32 mm, R-band: 26.5-40 GHz, 7.11 mm × 3.56 mm) for use in a waveguide. The sample was mounted inside the coaxial line or waveguide using silver past to ensure that no gap existed between the sample and the walls of the line/waveguide. The complex scattering matrix elements S * 11 (reflection coefficient) and S *
21
(transmission coefficient) for the TEM mode (coaxial line) or TE 10 mode (rectangular waveguide) were measured using a vector network analyzer (Agilent Technology, 8722ES) by the full-two-port method in the frequency range from 1 to 40 GHz. The values of µ * r (µ * r = µ r − jµ r , j = √ −1) and ε * r (ε * ; r = ε r − jε r ) were calculated from the data of both S * 11 and S * 21 . In the frequency range from 1 MHz to 1 GHz, the values of µ * r and ε * r were calculated from the data of the impedance measured by an impedance analyzer (Agilent Technology, 4291A). The complex reflection coefficient Γ * for a metal-backed single layer absorber was then determined from the values of µ * r and ε * r . The return loss R for each sample thickness was calculated from Γ * using the relation R = 20 log 10 |Γ * |. R was calculated at 0.1 mm intervals in the sample thickness range 0.1 to 30 mm.
THEORETICAL CALCULATION OF RELATIVE COMPLEX PERMEABILITY
We have previously reported that µ r and µ r for a composite composed of aluminum particles dispersed in polystyrene resin are as given below [4] .
Here, V is the volume mixture ratio of aluminum particles in the composite, δ is the skin depth, and a is the radius of the aluminum particle. The skin depth δ in aluminum for an electromagnetic wave is
Here, ω is the angular frequency of the electromagnetic wave, σ is the electrical conductivity of aluminum, µ 0 is the permeability in free space and µ M r is the real part of the relative complex permeability of the aluminum (µ M r is almost 1). However, the measured values of µ r and µ r did not agree with the values calculated from Equations (1) and (2) in the low frequency range, where δ is almost the same as the radius of the aluminum particles. This discrepancy is due to the fact that eddy currents, which flow to a depth of more than δ, were neglected. Therefore, in this section, the eddy currents flowing inside the aluminum particles are calculated from Maxwell's equations, and µ r and µ r are subsequently determined. To simplify the discussion, the shape of an aluminum particle is approximated as a cylinder of radius a and length 2a, as shown in Fig. 1(a) . For an incident magnetic field strength of H 0 parallel to the central axis of the cylinder, the eddy current density J ϕ (x) [A/m 2 ] may be defined as
Here, A is the proportional coefficient and x is the distance from the center of the cylinder. It is assumed that a uniform magnetic field vector H parallel to the central axis of the cylinder is generated by J ϕ (x). When Ampere's circuital law is applied to the integral route of ABCD shown in Fig. 1(b) , the following equation is obtained, because H is 0 along the route AB, H ⊥BC and H ⊥AD.
Therefore, H (x) is obtained from Equations (4) and (5).
For an electric field vector E and a magnetic flux density vector B, Maxwell's equation and Stokes' theorem give the following equations.
Here, C is a circle of radius x, whose center is O, and S is the area inside the integral route C. When the radius of C is a (x = a), the integral in the right side of Equation (7) is given by
Here, B 0 is the external magnetic flux density vector and B is the magnetic flux density vector generated by J ϕ (x). Also, the integral in the right side of Equation (8) is given by
Here, E ϕ (x) (=J ϕ (x)/σ) is the electric field at the circumference of the cylinder. Thus, the following equation is obtained from Equations (9), (10) and (11).
A is obtained from Equation (12).
Here, α and β are given by
When a δ, β becomes
Therefore, J ϕ (x) is obtained from Equations (4) and (13).
Here, A is given by
The magnetic moment m generated by J ϕ (x) is given by
If 2a is constant, the number N of cylindrical particles per unit volume of the composite is given by
Here, V is the volume mixture ratio of the particles in the composite. If it is assumed that the direction of all magnetic moments is the same and that the eddy current loss is zero, the magnetization M is given by
Here,
Also, the following relation holds between the average magnetic flux density B and the magnetization M in the composite when M is assumed to be proportional to H 0 .
Therefore, the following equation is obtained from Equations (21) and (23).
The Joule loss P , caused by the eddy current loss, per unit volume of the composite is
Because J ϕ (x) is given by Equation (17), P is given by
µ r is defined as the ratio of the magnetic energy lost in one cycle and the magnetic energy accumulated in the cylinder. Therefore, µ r is given by
Here, H is the magnetic field in the cylinder. The integral in the denominator of Equation (27) is obtained as follow.
It is found from Equation (24) that 1 − µ r is proportional to V and depends on a and δ in the low frequency range. It is also found from Equation (27) that µ r depends not only on V and a but also on δ. Meanwhile, in the high frequency range, the values of 1 − µ r and µ r approach the values calculated from Equations (1) and (2). The above qualitative results may also be applicable to spherical aluminum particles. In the calculation of µ r and µ r using Equations (24) and (27), a was modified by 3 2/3a assuming that the volumes of cylindrical and spherical particles are the same.
RESULTS AND DISCUSSION

Measured and Calculated Values of 1 − µ r and µ r for a Composite Composed of Aluminum Particles Dispersed in Polystyrene Resin
The frequency dependence of 1 − µ r for the composites containing aluminum particles with sizes of 8 µm and 50 µm is shown in Fig. 2 . The data points show the measured values and lines represent the values calculated using Equation (24). As seen in Fig. 2(a) , the measured values of 1 − µ r for the composite with 8 µm aluminum particles increased gradually with increasing frequency. This is in qualitative agreement with the calculated curves, with also increase with frequency. The measured values of 1 − µ r for the composite with 50 µm aluminum particles were almost constant at frequencies above 1 GHz and roughly agreed with the calculated values in the frequency range from 10 MHz to 40 GHz, as shown in Fig. 2(b) .
At low frequency, the measured values of 1 − µ r for the composite with 8 µm particles were lower than those for the composite with 50 µm particles when V was the same. The reason for this difference is as follows. When the particle size is small, the frequency f at which the radius of the particle is equal to δ is high. f is obtained from Equation (3).
For example, f for 50 and 8 µm aluminum particles is approximately 11 and 420 MHz, respectively. Therefore, the frequency at which the effect of the magnetic moment generated by the eddy current becomes apparent increases with decreasing particle size. Consequently, at low frequencies, the value of 1 − µ r depends on the particle size, as shown in Figs. 2(a) and(b) . The calculated values also showed a particle size dependence and qualitatively agreed with the measured values. Thus, Equation (24) can be used to determine the values of 1−µ r in the low frequency range.
On the other hand, at high frequencies where δ is much smaller than the particle size, it was found from Figs. 2(a) and (b) that the measured values of 1 − µ r depend on V , and are independent of frequency and particle size. This result almost agrees with the values calculated from Equation (24). Therefore, it can be concluded that µ r can be controlled by simply changing the value of V in the high frequency range. Figure 3 shows the frequency dependence of µ r for the composites containing aluminum particles with sizes of 8 µm and 50 µm. Again, the solid lines show the theoretical values, in this case calculated using Equation (27). The measured µ r value for the composite with 8 µm aluminum particles was found to increase at frequencies above 100 MHz, reach a maximum around 5 GHz, and decrease with increasing frequency. By contrast, for the 50 µm case, µ r was found to decrease with increasing frequency at frequencies above 100 MHz. In both cases, these results are in qualitative agreement with the calculated curves, indicating that the frequency dependence of µ r can be correctly determined using Equation (27). Moreover, since µ r is proportional to V and inversely proportional to a at high frequencies, it can be controlled by a suitable choice of V and a.
From these results, it can be concluded that the frequency dependence of µ r and µ r can be predicted using Equations (24) and (27). However, the calculated values did not agree quantitatively with the measured values, as seen in Figs. 2 and 3 . One reason for this is believed to be the distribution of aluminum particle sizes around the average size. In addition, the low purity of the aluminum must be considered, since the conductivity of aluminum depends on its purity.
Frequency Dependences of ε r , ε r and Return Loss
The measured values of ε r and ε r were found to be fairly independent of frequency and increased with increasing V . For a 8 µm particle size, the values of ε r measured at 10 GHz for composites with 16.4, 33.8 and 50 vol%-aluminum particles were 6, 13 and 31, and for a 50 µm particle size were 7, 14 and 47, respectively. For particle sizes of both 8 and 50 µm, the measured values of ε r for the composite made with 16.4 and 33.8 vol%-aluminum particles were less than 1 and for the composite made with 50.0 vol%-aluminum particles were approximately 4.
The frequency dependence of the return loss in free space was calculated from the measured values of µ * r and ε * r for all samples. The absorber used for the calculation was a metal-backed single layer absorber and the incident electromagnetic wave was perpendicular to the surface. As shown in Fig. 4 , good absorption characteristics were obtained for the composite with 16.4 vol%-aluminum and 33.8 vol%-aluminum, in both cases with a 8 µm particle size. The percentages shown in the graphs represent the normalized −20 dB bandwidth (the bandwidth ∆f corresponding to a return loss of less than −20 dB divided by the absorption center frequency f 0 ). A value of −20 dB corresponds to the absorption of 99% of the electromagnetic wave power. The return loss was found to be less than −20 dB for several frequencies in the range 4 to 40 GHz for both samples. However, a return loss of less than −20 dB could be achieved for thinner samples in the case of the 33.8 vol%-aluminum composite. Moreover, the normalized −20 dB bandwidth of the composite made with 33.8 vol%-aluminum was larger than that of the composite made with 16.4 vol%-aluminum. These results indicate that practical high frequency absorbers can be realized by a suitable combination of aluminum volume mixture ratio and particle size.
Control of Absorption Characteristics by Adjusting µ r and µ r
To investigate the possibility of controlling the absorption characteristics, the values of µ r and µ r that satisfy the non-reflective condition given by Equation (30) [5] were calculated using the least squares method.
Here, γ 0 is the propagation constant in free space and d is the sample thickness. The values of ε r and ε r used for the calculation are independent of frequency and are the same as the measured values (ε r = 13, ε r = 0.5). The sample thickness used was 3 mm. Fig. 5 shows the measured values of µ * r and those calculated by Equation (28). As shown in Fig. 5 , an intersection occurs between the measured and calculated values of µ r near 25 GHz and between the measured and calculated values of µ r near 21 GHz. This result indicates that the measured values of µ r and µ r were close to the values that satisfy Equation (30) in the frequency range from 20 to 30 GHz, and a large amount of electromagnetic power was absorbed at approximately 23 GHz, as shown in Fig. 4(b) .
As discussed in Section 4.1, µ r depends only on V in the high frequency range where δ is much smaller than the radius of the aluminum particles. Meanwhile, µ r depends on V and a at high frequencies, as given by Equation (27). Thus, µ r and µ r can be controlled independently by adjusting V and a. This result suggests that the frequency at which the absorption of electromagnetic waves occurs can be selected by changing V and a, although the resulting increase or decrease of ε * r should be considered. Moreover, it can be expected that absorption at frequencies above 40 GHz is possible by modifying the values of V and a.
It is found from Fig. 5 that the values of µ r and µ r calculated from Equation (30) decrease with increasing frequency. If these frequency dependences could be obtained, wide-bandwidth absorption is expected because Equation (30) is satisfied over a wide frequency range. As shown in Fig. 4(b) , the normalized −20 dB bandwidth of the composite made with 33.8 vol% aluminum is large at frequencies below 10 GHz. This is thought to be because the value of µ r for the composite with 8 µm particles decreases in this frequency range at a rate similar to that calculated from Equation (30). On the other hand, the normalized −20 dB bandwidth is small at higher frequencies since µ r and µ r are almost independent of frequency in this region, as shown in Fig. 5 . However, µ r begins to decrease when δ becomes smaller than the radius of the aluminum particles, and the frequency at which this occurs can be increased by reducing the aluminum particle size, as follows from Equation (29). Therefore, by using small aluminum particles the frequency where µ r begins to decrease can be pushed to very high values and µ r can satisfy Equation (30) over a wide frequency range. This result suggests the possibility of a high frequency, wide bandwidth absorber.
CONCLUSIONS
Composites made from aluminum particles dispersed in polystyrene resin were found to exhibit a return loss of less than −20 dB in the frequency range from 4 to 40 GHz when a suitable volume mixture ratio and aluminum particle size were selected. The relative complex permeability for the composite was calculated using Maxwell's equations. The calculated values qualitatively agreed with the measured values of µ r and µ r , and the calculation results also explained the particle size dependence of µ r and µ r at low frequencies. At high frequencies, µ r was found to depend only on the volume mixture ratio of aluminum, whereas µ r was determined by both the volume mixture ratio and the aluminum particle size. It is proposed that the absorption characteristics of such composite materials can be tailored by independently controlling µ r and µ r .
